OBSERVATIONS from a number of different fields suggest that di-(2-chloroethyl) sulphide (sulphur mustard, H) and methyl-di-(2-chloroethyl)amine (nitrogen mustard, HN2) have a specific effect on the process of nuclear division (Philips, 1950). In view of the importance of deoxyribonucleic acid (DNA) in cell division, it might be expected that sulphur and nitrogen mustards would exert some specific effect on its metabolism.
OBSERVATIONS from a number of different fields suggest that di-(2-chloroethyl) sulphide (sulphur mustard, H) and methyl-di-(2-chloroethyl)amine (nitrogen mustard, HN2) have a specific effect on the process of nuclear division (Philips, 1950) . In view of the importance of deoxyribonucleic acid (DNA) in cell division, it might be expected that sulphur and nitrogen mustards would exert some specific effect on its metabolism.
A clear demonstration of such an effect of sulphur mustard on DNA synthesis has been given by Herriott (1950-51) who showed that the addition of sulphur mustard to growing cultures of E. coli B. resulted in a cessation of DNA synthesis while ribonucleic acid (RNA) synthesis continued at 65-75 per cent of the normal rate. Bodenstein and Kondritzer (1948) , who exposed salamander embryos to a solution of nitrogen mustard, demonstrated that the RNA concentration continued to increase in the normal manner while the DNA concentration remained at the level reached at the time of exposure. The effect of HN2 on the incorporation of (14C)formate and (1: 3-'5N)adenine into the nucleic acids of the small intestine of the rat was investigated by Goldthwait (1952) , who found that, whereas HN2 produced a marked decrease of isotope incorporation into DNA, little or no change was produced in the isotope content of RNA.
The present experiments were undertaken to determine whether in mammalian tissues nitrogen and sulphur mustards exert a specific effect on DNA synthesis. Nitrogen mustard (Mustine hydrochloride B.P.C., Boots Pure Drug Co.) was dissolved in 0*9 per cent (w/v) NaCl for in vivo and some in vitro experiments and in distilled water for other in vitro experiments. In all cases solutions of HN2 were prepared immediately before use.
Animals.-Male albino rabbits weighing from 1500-2000 g. were used. H or HN2 was injected into the marginal vein of the left ear. After a period of from 2 to 96 hours 1 mc. of carrier-free 32po-was injected intramuscularly into the thigh and two hours later the animal was killed by cervical dislocation. The tissues were excised and chilled in ice; those not worked up immediately were stored at -20°C. Just prior to killing 5 ml. of blood were removed from the marginal vein of the right ear and used for measurement of the blood inorganic phosphate activity as described by Smellie, Humphrey, Kay and Davidson (1955) .
Ascites cells.-The Ehrlich ascites tumour was maintained in ordinary stock mice from the Departmental colony. The MCIM tumour was maintained in C3H F1 hybrids (Klein, 1951) .
For each experiment isotope was added to the pooled ascitic fluid from several mice, 2 to 4 ml. portions were dispensed into roller tubes containing the appropriate additions and the tubes were incubated in air on a roller drum at 370 C. In some cases the cells were separated from the ascitic plasma by centrifuging, resuspended in Krebs-Ringer bicarbonate (Cohen, 1951) and washed by low speed centrifuging. This washing was repeated 3 or 4 times until most of the blood cells had been removed. The tumour cells were then resuspended in KrebsRinger bicarbonate, isotope was added and portions of 5 or 10 ml. were incubated with shaking at 370 C. in 50 ml. Erlenmeyer flasks containing the appropriate additions. After incubation the vessels were frozen in dry ice and alcohol and kept at -20°C. until required for processing.
Tissue cultures.-Cells of Earle's " L " strain (Sanford, Earle and Likely, 1948) were used. Batches of replicate cultures of about 2 x 106 cells were set up in 50 ml. Erlenmeyer flasks and allowed to grow for 18-24 hours. The flasks were divided randomly into groups of 4 and nitrogen mustard in Hanks' Balanced Salt Solution (Hanks and Wallace, 1949) added. When the cells had been exposed to HN2 for 4 hours the fluid phase was replaced by 6 ml. fresh medium and about 40 hours later the medium was again renewed.. After a further interval of 48 hours the medium was decanted, the cells extracted with lipid solvents and either stored at 20°C. or processed immediately.
Liver extract was prepared from mouse liver as described by Schulman, Sonne and Buchanan (1952) .
Analytical methods.-For processing and analysing the material from experiments on 32p incorporation the methods of Smellie et al. (1955) were used and for experiments on 14C incorporation the procedure of Smellie, Thomson and Davidson (1958) was adopted. In both cases a preliminary fractionation of nuclear and cytoplasmic material was carried out as decribed by Smellie et al. (1955) in certain experiments in order to separate nuclear RNA (nRNA) from cytoplasmic RNA (cRNA). For the tissue culture experiments the methods described by Paul (1957) were employed. Tables I and II show the effects of H and HN2 on the incorporation of 32PO4-into the nucleic acids of rabbit tissues in vivo. At a dose level of 1V5 mg./kg., H produces a marked depression of incorporation into appendix DNA after 2 hours; this depression is accentuated after 24 hours and is still apparent after 48 hours. The effects on appendix nRNA and cRNA are much less dramatic; only at 24 hours is a significant depression evident. Similarly only at 24 hours are the effects on bone marrow and thymus comparable with those on appendix. At a level of 3 mg. /kg. and 5 mg. /kg. similar but more marked effects are observed. HN2 produces essentially the same effects as H at comparable dose levels. Again incorporation into DNA is more significantly depressed than incorporation into nRNA or cRNA, and appendix is more readily affected than bone marrow or thymus. These experiments would therefore appear to indicate that both H and HN2 exert a more marked effect on DNA synthesis than on RNA synthesis, and that this effect is demonstrable 2 to 48 hours after administration. It was not, however, possible, in view of the small number of animals which could be used for each experiment, to determine statistically whether under any conditions of dosage or time interval, H or HN2 either (a) completely inhibits synthesis of DNA but not of RNA, or (b) reduces synthesis of DNA without affecting synthesis of RNA. For this reason several experiments in vitro were undertaken using the Ehrlich ascites carcinoma. This tumour was employed because of its rapid rate of growth and nucleic acid synthesis, and because it is readily obtainable in large quantities. It has the additional advantage that since it consists of individual cells suspended in plasma it is particularly suitable for studies in vitro. Since the rabbit experiments showed no difference in effect between H and HN2 only the latter compound was used in ascites tumour experiments. Table III shows the effect of HN2 on 32PO-incorporation into the nucleic acids of the Ehrlich tumour during 2 hours in vitro. At a concentration of 50 ,ug./ml. incorporation into DNA, nRNA and cRNA is reduced to about 30-40 per cent of the normal level: at 20 j,g./mil. similar but less dramatic effects are found. Concentrations below this level produce smaller and more variable effects. In all cases incorporation into DNA, nRNA and cRNA is depressed to about the same extent; there is no indication of a specific effect on DNA. Confirmation of these results may be seen in Table IV , which shows that the effect of HN2 on the incorporation of (14C) formate into the nucleic acid bases of the tumour in vitro is to depress incorporation into the thymine and purines of DNA and the purines of nRNA and cRNA to an appreciable extent. (The figures obtained for the activities of the purines of DNA and cRNA shown on Table  IV are so low that they must be regarded as very approximate estimates.) The observation that the isotope is incorporated under in vitro conditions much more extensively into DNA thymine than into the nucleic acid purines has been discussed elsewhere (Smellie, Thomson, Goutier and Davidson, 1956 ). These results obtained in vitro differ from the results of the rabbit experiments in vivo in two respects: the effects are produced only at relatively high concentrations of HN2 (20 to 50 utg./ml. compared with 1-5 to 5 mg./kg.) and no indication is to be found of a specific effect on DNA. For these reasons several experiments were carried out using the MCLM ascites sarcoma in order to determine whether this tumour behaves differently from the Ehrlich carcinoma. As the results in Tables V and VI show, the effects of HN2 on incorporation of 32PO- (Table   V and (14C(formate (Table VI) into the nucleic acids of the MC1M tumour are similar to those found in the case of the Ehrlich tumour. As before, the effect is evident only at high concentrations of HN2 (20 to 50 ,tg./ml.) and incorporation into DNA, nRNA and cRNA is diminished to approximately the same extent. Table V indicate that the nucleoside mixture only slightly reduces the effect of HN2. Presumably, therefore, HN2 must act chiefly on the further phosphorylation of nucleosides or on the mechanism of the combination of mononucleotides to form nucleic acids. This conclusion is supported by the results of an experiment to determine whether mouse liver extract, which is known to stimulate incorporation of formate into nucleic acid purines in the Ehrlich ascites carcinoma (Smellie et al., 1956) , diminishes the effect of HN2. Table VI shows that both in presence and in absence of liver extract HN2 reduces incorporation of (14C)formate into DNA thymine by almost 50 per cent. It produces a similar reduction in incorporation into nRNA purines although incorporation into acid-soluble purines is increased It is clear, therefore, that HN2 does not depress the biosynthesis of the purine nucleotides. Incorporation into cRNA and DNA purines in systems of this type is too small to be accurately measured. Finally, the fact that HN2 depresses incorporation of (8-14C)adenine into DNA, n,RNA and cRNA to a similar extent (Table VII) is also consistent with its effect being on the utilization of nucleotide units rather than on their synthesis. Since neither the Ehrlich or the MCIM tumours appeared to be so sensitive to HN2 in vitro as the rabbit tissues had proved to be in vivo, it seemed important to determine whether their sensitivity could be increased. For The effect of HN2 on (14C)formate incorporation in washed cells is shown in Table IX . At a concentration of 10 ,tg. /ml. a marked depression of incorporation into DNA thymine is produced. Incorporation into DNA and RNA purines, on the other hand, is virtually unaffected; but this apparent lack of inhibition is presumably related to the fact that the HN2 markedly increases incorporation of formate into acid-soluble purines, so that, in fact, the incorporation of acidsoluble purines into nucleic acids is diminished to the same extent as incorporation of (14C)formate into DNA thymine. This point is clearly illustrated in Table X which shows the effect of HN2 and 5-amino-4-imidazolecarboxamide (AICA) riboside on incorporation of (14C)formate into washed cells. AICA riboside has already been shown (Thomson, Smellie and Harrington, 1957 ) to bring about a sharp increase in incorporation of (14C)formate into acid-soluble and nucleic acid purines of the Ehrlich tumour without affecting incorporation into DNA thymine. The results in Table X show that AICA riboside has a similar effect on washed cells. In its absence the effect of HN2 is to depress incorporation of (14C)formate into DNA thymine to about 5 per cent of its original level. Incorporation into RNA purines is diminished to 50 per cent of its original level, but simultaneously incorporation into the acid-soluble adenine is increased four-fold so that incorporation of acid-soluble purines into nucleic acids is diminished to about 10 per cent of its original level, i.e. incorporation of formate into DNA thymine and of acidsoluble adenine into RNA are diminished to about the same extent. In presence of AICA riboside HN2 diminishes, instead of stimulating, incorporation of (14C) formate into acid-soluble adenine and, in this case, incorporation of formate into DNA thymine and into DNA and RNA purines is diminished uniformly to 5 to 15 per cent of its normal value. * Prior to hydrolysis and chromatography, the acid-soluble fraction was extracted 8 times with n-butanol to remove free adenine and adenosine.
RESULTS
Since none of these experiments on ascites tumours gave any indication that HN2 has a specific effect on incorporation of labelled precursors into DNA in vitro, an attempt was made to determine whether this was due either to the nature of the ascites tumour or to the limitations inherent in experiments on surviving tissues. For this purpose the effects of HN2 on the DNA and RNA content of growing cultures of Earle's " L " cells were investigated.
A preliminary experiment to determine a s-uitable mustard concentration showed that the " L " cells are much more sensitive to HN2 than ascites cells. At a concentration of HN2 as low as 1 ,ug./mi. considerable cell death occurred as shown by the fact that the DNA content of the cultures was reduced to about 65 per cent of the initial value. At concentrations of HN2 of from 025 to 05 ag./ml. growth continued but the rate of synthesis of nucleic acids was reduced (Table XIII) , DNA being affected to a greater extent than RNA so that the ratio of RNA : DNA per culture increased as the mustard concentration was increased. It is widely believed that mustards have a specific effect on the metabolism of DNA as distinct from RNA, but there is little published evidence to support this point of view. The experiments reported here were carried out to ascertain whether such a specific effect could be demonstrated in mammalian tissues.
No evidence for a specific effect of mustards on DNA synthesis was obtained in experiments with the Ehrlich mouse ascites carcinoma (Tables JJJ-IV, Tables  V'I11 -X) or the MC1M mouse ascites sarcoma (Tables V-VII). Other workers using similar materials have also failed to detect a differential effect of nitrogen mustard on isotope incorporation into DNA and RNA. Adenocarcinoma 755, when treated in vivo with HN2, does not show any specific effect of the mustard on the incorporation of 32PO-into DNA (Davidson and Freeman, 1955) . Results of a similar nature have been reported by LePage and Greenlees (1955) for the incorporation of (2-14C)glycine into the nucleic acids of ascites cells. Heidelberger and Keller (1955) failed to detect a specific effect of HN2 on the uptake of (14C) formate into the DNA of Flexner-Jobling carcinoma of the rat.
On the other hand, in the present series of experiments some evidence for a specific effect of H and HN2 has been obtained in the intact rabbit and in cells grown in tissue culture. The results obtained from the rabbit experiments (Tables I-II) suggest that, while the mustards depress incorporation of 32PO4-into both DNA and RNA, depression of uptake into DNA is more marked than that into RNA. These results are in agreement with those obtained by Lowrance and Carter (1950) in a similar but less extensive series of experiments with rabbits.
In the tissue culture experiments on the total amount of DNA and RNA present in cultures of control cells and cells treated with concentrations of nitrogen mustard in the range 0-25 to 0.5 ,tg./ml. there is a progressive increase in the ratio of RNA: DNA with increasing mustard concentration. This change in the RNA: DNA ratio may be interpreted as evidence that HN2 curtails DNA synthesis to a greater extent than RNA synthesis.
If the biosynthesis of the nucleic acids is considered as being a three-stage process involving synthesis of mononucleotides, their phosphorylation to give nucleoside di-or tri-phosphates, and condensation of the di-or tri-phosphates to form polynucleotides, the evidence so far obtained suggests that HN2 inhibits the process at either the second or third stage. Support for this suggestion may be derived from studies on the effect of mustards on enzymes, in vitro. It has been shown that the majority of enzymes are relatively unaffected by the mustards but there is a smaller group of sensitive enzymes consisting mainly of phosphokinases including those necessary for the phosphorylation or dephosphorylation of adenylic residues (Needham, 1948) .
With MC1M cells 50 ,ug./ml. HN2 depresses 32PO= incorporation into DNA, nRNA and cRNA (Table V) and also decreases formate incorporation into DNA thymine without producing any clear-cut effect on formate incorporation into nucleic acid purines (Table VI) . This means that the inhibition of 32po4 incorporation is not due to inhibition of purine synthesis. Further evidence for this point of view is found in the experiments showing that neither mouse liver extract (Table VI) , AICA riboside (Table X) , nor a mixture of nucleosides (Table V) completely reverses the effect of HN2 on incorporation.
In experiments in which the incorporation of labelled formate or adenine into the acid-soluble adenine has been measured, the results show that the specific activities of adenine from the acid-soluble fractions of mustard-treated cells were not lower, and usually much higher, than those of adenine from the acid-soluble fractions of control cells (Tables XI and XII) . Thus under conditions in which there is clear-cut evidence of the inhibition of nucleic acid biosynthesis, the synthesis of acid-soluble purine nucleotides is not diminished but enhanced.
These views on the mechanism of action of nitrogen mustard are in agreement with those put forward by Goldthwait (1952) who suggested on the basis of his study of the effect of HN2 on the simultaneous incorporation of (14C) formate and (1: 3-15N2)adenine into the small intestine of the rat, that HN2 did not inhibit the formation of the purine skeleton.
The general conclusion to be drawn from the present studies is that although H and HN2 may exercise a more pronounced inhibitory action on the metabolism of DNA than of RNA, especially in thc intact animal, there is no evidence to show that mustard at any concentration exercises a specific effect on DNA metabolism only.
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SUMMARY
In an attempt to determine whether sulphur and nitrogen mustards exerted a specific effect on DNA metabolism, the effect of H and HN2 on the nucleic acid metabolism of a number of mammalian systems was investigated.
1. In experiments with rabbits in vivo mustard exercised a more pronounced inhibitory effect on DNA metabolism than on RNA metabolism. Further evidence for a selective effect on DNA was obtained from experiments with Earle's " L" strain cells grown in tissue culture. 2. No evidence for a differential effect of HN2 on DNA metabolism was obtained from experiments with Ehrlich mouse ascites carcinoma cells incubated, in vitro, in ascitic plasma or from MC1M mouse ascites sarcoma cells incubated in vitro in ascitic plasma.
3. The evidence obtained suggests that nitrogen mustard depresses nucleic acid synthesis by inhibiting either the phosphorylation of mononucleotides to form di-or tri-phosphates or the condensation of these di-or tri-phosphates to give polynucleotides rather than by inhibiting the biosynthesis of mononucleotides.
